, maximum sun angle (sun elevation in degrees above the horizon at noon, dependent on date and latitude), cumulative rainfall (7 and 30 d before sampling), and mean ambient temperature (7 d before sampling) for each site ϫ date combination were used as predictive variables to explain mound shape characteristics. Steepness of south-facing mound slopes was negatively associated with maximum sun angle at higher temperatures, with predicted values falling from Ϸ36Њ at sun angle ϭ 40Њ to 26Њ at sun angle ϭ 70Њ; at lower temperatures, slope remained relatively constant at 28Њ. On average, mound height was negatively correlated with maximum sun angle. Rainfall had a net negative effect on mound height, but mound height increased slightly with maximum sun angle when rainfall was high. Mound elongation generally increased with increased mound building activity. Under favorable temperature conditions and average rainfall, imported Þre ant mounds were tallest, most eccentric, and had the steepest south facing slopes during periods of low maximum sun angle. Mound shape characteristics are discussed with regard to season and their potential usefulness for remote sensing efforts.
Mound-building ants have been the subject of many studies concerning nest architecture and thermoregulation. Mound orientation is nonrandom in several groups of ants, including species of Lasius, Formica, and Pogonomyrmex (Andrews 1927 , Steiner 1927 , Scherba 1958 , Romey 2002 . Mounds of some Formica and Lasius are also more broadly and gently sloped to the south, a characteristic so reliable that people in the Alps have used ant mounds as crude compasses (Hö lldobler and Wilson 1990) . The wood ants (genus Formica Linné ) seem to use a combination of solar radiation striking the mound (Galle 1973) and behavioral thermoregulation to maintain favorable nest temperatures (Frouz 2000 and references therein) . Formica polyctena Fö rst may also alter their mounds in the short term for thermoregulatory purposes by decreasing mound height and altering mound openings in response to temperature changes (Horstmann and Schmid 1986) . For a review of the structure and function of ant mounds, see Hö lldobler and Wilson (1990) .
The mounds of imported Þre ants (Solenopsis invicta Buren, S. richteri Forel, and their hybrid) have long been known to be asymmetrical, a characteristic believed to be related to thermoregulatory function. Collins et al. (1993) included qualitative observations on Þre ant mound asymmetry. Hubbard and Cunningham (1977) noted that Þre ant (S. invicta) mounds tended to be oriented with the long (ϭmajor) axis oriented in a northÐsouth direction. A later study in Mississippi showed temporal change in nest elongation, with mounds of black imported Þre ants becoming most asymmetrical during the cooler parts of the year , suggesting a thermoregulatory function and/or relationship to solar altitude. Mounds are highly variable throughout the year. Typically, mounds are largest and most visible in the spring, declining into the summer as hot and dry conditions prevail and appearing again in the fall when the weather cools (Tschinkel 1993 , Vogt 2004 . There is currently no evidence to indicate any signiÞcant role of metabolic thermoregulation in Þre ant mounds, whether by the ants themselves or via microbial activity; rather, the mound presents the ants with a temperature gradient in which they can move about over time. Fire ants are highly mobile and segregate Mention of trade names in this publication is for information only and does not constitute endorsement by the U.S. Department of Agriculture or Automated Decisions, LLC.along a temperature gradient to areas of optimal temperature which differ between castes and life stages (Rhoades and Davis 1967, Porter and Tschinkel 1993) .
Soil type undoubtedly plays a role in determining Þre ant mound shape. Wojcik (1983) speculated that mound height was related to soil type, soil moisture, and the ability of the soil to withstand weathering. He noted that all Þre ant mounds sampled in a study in Puerto Rico were Ͻ15 cm high and attributed this to low soil moisture in the area sampled. Fire ants are thought to build higher mounds to escape excessive soil moisture in some areas in the United States (USDA 1958) . Although the physical characteristics of any building material will play an important role in maximum slope of that material, and soil moisture and type probably play some role in determining mound size and shape, sun elevation and insolation have not been studied as predictive variables for mound shape characteristics. Confounding earlier conclusions about mound height and soil moisture is the fact that very large mounds can sometimes be found on hilltops and other relatively dry areas throughout the southeastern United States (J.T.V., unpublished data).
As part of an ongoing study to more fully characterize temporal and geographical variation in Þre ant mounds in an effort to improve remote sensing techniques for quantifying them, an experiment was undertaken to examine geographic variation in selected three-dimensional (3D) characteristics of Þre ant mounds along a northÐsouth gradient. Predictable changes in Þre ant mound shape should be expected along such a gradient if indeed the mound serves an important function as a solar collector. Maximum radiant heating occurs when an objectÕs slope is perpendicular to the angle of sun elevation; thus, we hypothesized that mound slope on the side primarily exposed to the sun (south side) would be negatively correlated with daily maximum sun angle as determined for each sampling dateÐlocation combination.
We also wanted to address possible effects of climatic variables (rainfall and temperature), as well as local insolation (solar radiation power incident on the surface of each study site) on mound shape characteristics. therein) with the exception of possible cold hardiness of the hybrid (James et al. 2002) , so no determination of species was made at each sampling site.
Materials and Methods

Sampling
Data Acquisition. Between 6 and 11 imported Þre ant mounds were located and sampled for each site ϫ date combination. Three-dimensional data were collected using a Polhemus Fast-Scan Cobra laser scanner (Polhemus, Colchester, VT). Excess vegetation was clipped from the mound surface. A small (Ϸ5 cm long) wooden arrow was placed beside the mound pointing toward magnetic north. The transmitter for the 3D scanner was placed within a few centimeters of the mound and oriented so that the axes ran northÐsouth and eastÐwest, and it was carefully leveled by placing a circular bubble level on top and removing or adding soil underneath. The mound was shaded with a surveyorÕs umbrella or a small hunting blind. On bright days, the scannerÕs camera had difÞculty sensing the laser reßecting off the mound surface; when necessary, this problem was addressed by applying a light dusting of talcum powder to the mound surface to increase reßectance. Scan progress was monitored on a laptop computer to ensure complete coverage; the number of scan lines varied from mound to mound, and scanning was stopped when the operator was satisÞed that a sufÞcient number of data points were collected. The resulting 3D point clouds of mounds on a 1-mm Cartesian coordinate system were imported into ArcGIS (ESRI, Redlands, CA) as shapeÞles. The number of points in a typical Þle ranged from Ϸ40,000 Ð160,000. In 2006 samples, a true-color digital photograph was also taken of each mound from directly above, taking care to include the 3D scannerÕs transmitter and the magnetic north reference arrow in the image.
Data Extraction and Analysis. Methods for extracting mound shape data from 3D point clouds were similar to those used by Vogt and Smith (2007) . Mound surfaces were interpolated using an inverse distance weighted (IDW) procedure, with a power of 0.5, and a variable search radius with 12 points. The resulting 3D raster was rotated to align it with magnetic north. A new shapeÞle was carefully constructed to outline the mound. Because grass stubble emerging from the mound surface sometimes resulted in spikes in the data, the focal statistics tool in ArcGIS 9.1 was used to smooth the raster surface. Each cell in the resulting raster was the mean of a circular neighborhood around that cell with radius of 3. The smoothed rasters were used in subsequent steps to extract data for analysis.
Several new shapeÞles were constructed. First, the average center of the mound was calculated. Next, the major and minor axes of the mound were passed through the average mound center, and their linear directional mean was calculated. Two new rasters were calculated: one representing north and south facing aspects (271Ð90 and 91Ð270Њ, respectively) and one representing slope (steepness) in degrees. Using ArcGIS 9.1 Spatial Analyst tools, the surface area and average slope of each aspect were calculated. The apex of the mound was marked, and a vector was drawn from the average center to the apex. Deviation from north was calculated as the value (in degrees) clockwise (east, ϩ) or counterclockwise (west, Ϫ) of 0Њ. Finally, using the ArcGIS suite of 3D Analyst tools, mound volume (L) was calculated as the total area under the raster surface within the mound outline, and mound height was calculated. Mound eccentricity was determined by calculating the minor axis to major axis ratio ). For ease of interpretation, eccentricity was converted to reßect mound basal elongation in the plane of the ground (1 Ð eccentricity).
Additional data for analyses were obtained from the World Wide Web. Magnetic declination for each siteÐ date combination was obtained from the National Oceanographic and Atmospheric Administration (NOAA) National Geophysical Data Center (NGDC) magnetic declination calculator (http://www.ngdc. noaa.gov/seg/geomag/jsp/struts/calcDeclination; accessed 18 September 2006). Magnetic declination at all sites was Ͻ4.25Њ (Oklahoma) and in most cases was Ͻ2Њ; data were not corrected to geographic north. Maximum sun angle (Fig. 2) for each siteÐ date combination was obtained from the U.S. Naval ObservatoryÕsonlinecalculator(http://aa.usno.navy.mil/data/ docs/AltAz.html; accessed 18 September 2006). Cumulative rainfall estimates (7 and 30 d before sampling at each site) were calculated using quality-controlled, multisensor precipitation estimates obtained from the National Weather Service River Forecast Sensors (see http://www.srh.noaa.gov/rfcshare/ precip_analysis_new.php; accessed 11 October 2006). Aerial imagery of study sites (1-m resolution, orthorectiÞed) and elevation data (1/3 National Elevation Dataset) were obtained from the USGS Seamless Data Distribution website (http://seamless.usgs.gov; accessed 2 February 2006).
Simple descriptive statistics were used to examine overall average shape characteristics of imported Þre ant mounds. Pearson correlation coefÞcients were calculated for mound slope and mound height and all potential explanatory variables (Proc CORR in SAS; Fig. 2 . Graphical representation of maximum sun angle (highest elevation above the horizon during the day), calculated from date and geographic coordinates. Sun angle is lower during winter and at higher latitude (B) and higher during summer and at lower latitude (A).
SAS Institute 1999). Although this analysis treated each observation as independent and did not take into account site and date combinations, it was useful for identifying potentially important predictive variables and guiding further analyses. Data were modeled with analysis of variance (ANOVA) using Proc Mixed (Littell et al. 1996) , with date ϫ site as a random source of error. Trends were considered signiÞcant at ␣ ϭ 0.05. For models that include random effects, r 2 values may be misleading; however, we included r 2 values for each model calculated from residual sums of squares (error sums of squares) and total y sums of squares. Data are presented as mean Ϯ SE. Exploratory spatial analysis of mean dependent variables describing mound shape betweens sites were examined using various covariance structures with Proc Mixed in SAS (Littell et al. 1996) .
Results and Discussion
An aerial view of a hypothetical Þre ant mound reßecting average shape characteristics is shown in Fig. 3 , and mean mound measurements are given in Table 1 . On average, the apex of the mound was offset from the mean center of the mound by 68.6 Ϯ 0.4 mm (n ϭ 328) to the north (not signiÞcantly different from magnetic north, P Ͼ 0.05). Average elongation of mounds was 0.18 Ϯ 0.02, with the major axis closely approximating a northÐsouth direction. South-facing aspects averaged Ϸ10% larger (cm 2 ) than north-facing aspects, and angle of south-facing slopes averaged 26.9Њ, whereas north-facing slopes averaged 28.0Њ.
Pearson correlation coefÞcients revealed some potential explanatory variables for mound height and mound slope within aspect. Most mound characteristics were either positively or negatively correlated with slope and height; for example, length of the mound major axis was positively correlated with mound slope and height (P Ͻ 0.0001). Although it is interesting to note the relationships among different mound measurements, the primary variables of interest were insolation, maximum sun angle, climatic measurements, and geographic location. CoefÞcients for those variables are presented in Table 2 . Of the predictive variables of interest, maximum sun angle, insolation, and 30-d cumulative rainfall seemed to inßuence mound slope and height the most. Considered individually, however, the predictive value of these variables was quite low.
The best model to describe steepness (in degrees) of south-facing mound slopes incorporated the effects of maximum sun angle, 30-d cumulative rainfall, 7-d average temperature, and maximum sun angle ϫ 7-d average temperature (joint F-test: F ϭ 2.4, df ϭ 4,285, P ϭ 0.05, r 2 ϭ 0.5640), with date ϫ site as a random effect. Predicted values, holding 30-d cumulative rainfall constant at 10 cm (the approximate average throughout the study) and allowing 7-d average temperature to vary from 10 to 20ЊC, are shown in Fig. 4 ; estimated coefÞcients and errors are presented in Table 3. The crossover interaction suggests that little change in south facing slope occurs at lower temperatures, because of decreased ant activity. This is not surprising because Þre ants stop foraging below Ϸ15ЊC (Porter and Tschinkel 1987) and cease movement altogether below Ϸ4ЊC (Cokendolpher and Phillips 1990) . At higher temperatures, the south-facing slope increases with decreasing maximum sun angle. The combinations of sun angle and mean temperature presented in Fig. 4 are representative of the range observed during this study. Cumulative 30-d rainfall had the overall effect of decreasing south facing slopes by Ϸ2Њ for every 10 cm of rain but did not seem to change relationships between maximum sun angle, temperature, and slope (data not shown).
Mound height (mm) varied with maximum sun angle, 30-d cumulative rainfall, and their interaction (joint F-test: F ϭ 2.79, df ϭ 3,286, P ϭ 0.0409, r 2 ϭ 0.5324). Predicted values are shown in Fig. 5 ; estimated coefÞcients and errors are presented in Table  3 . Rainfall had the overall effect of reducing mound height, but it is interesting to note the tendency for mound height to increase with sun angle under wet conditions and decrease with increasing sun angle under drier conditions. Soil moisture affects thermal characteristics of the soil, so these relationships may reßect thermoregulatory needs of the colony and effects on mound building capability under different conditions. Under average rainfall conditions over the course of the study for all sites and dates (9.9 cm rainfall over 30 d), the net effect of sun angle on mound height was negative.
Mound elongation varied in a predictable fashion with maximum sun angle, 30-d cumulative rainfall, and their interaction (joint F-test: F ϭ 2.69, df ϭ 3,285, P ϭ 0.0467, r 2 ϭ 0.3283; Fig. 6 ); estimated coefÞcients and errors are presented in Table 3 . Under dry conditions, mound elongation decreased with increasing sun angle, and under wet conditions, mound elongation increased with increasing sun angle. Increased elongation may be linked to building activity and subsequent increases in mound height; under drier conditions, mounds became ßatter and less eccentric as maximum sun angle increased, whereas under wetter conditions, they became taller and more eccentric.
The means by which ants thermoregulate vary widely, from simple colony emigration from unfavorable to favorable environments (e.g., Monomorium pharaonis L.) to construction of elaborate soil nests. Some ant species respond to seasonal changes in temperature by seasonal migration coupled with construction of complex nests in more favorable areas. One classic example is found in the weaver ants (Oecophylla sp.), which shift their nests between north and south sides of trees on a seasonal basis in such a way that they maximize exposure to the sun (Vanderplank 1960) . Some mound-building species decorate or "thatch" the mound surface with small objects such as pebbles or dead vegetation that presumably either act as heat sinks or reßect insolation, depending on the nature of the material. Imported Þre ants are no exception, because they seem to periodically cover the mound surface with dead vegetation or incorporate it into the "crust" or outer layer of the mound (S. DeFauw, personal communication; J.T.V., unpublished observations) . Other species may use nest shape, metabolic heat, or some combination of the two for thermoregulatory purposes. Whether imported Þre ants move their nests in a predictable seasonal fashion is unknown, and there is no evidence to suggest that metabolic heat plays any role in their thermoregulation.
It does seem that imported Þre ant mound shape varies subtly with maximum sun angle and that local environmental conditions affect these changes. Several signiÞcant interactions among climatic variables and mound shape characteristics are indicative of the importance of thermal history and soil moisture in the ability of colonies to build and maintain their mounds. Maximum incident radiation on a surface occurs when that surface is perpendicular to the sunÕs rays. Predicted values (from model coefÞcients in Table 3 ) for south-facing slopes at average observed temperature and rainfall for maximum sun angle range 36 Ð50, 60 Ð 70, and 70 Ð76 were 29, 28, and 26Њ, respectively. Summing southern mound slope and mean sun angle for these ranges yields 71, 94, and 99Њ, respectively. Therefore, colonies do not (or, on average, cannot) maintain southern slopes that maximize insolation during periods of low sun angle, even though mound building activity results in increased height and slope if temperatures are favorable and rainfall is not excessive. Negative effects of rainfall on mound height are most pronounced during cooler periods of low sun angle (Fig. 5) . It is interesting to note that under favorable rainfall conditions, as mound height increases with decreasing sun angle, mound elongation also increases. This may be caused by higher rates of building activity on the warmer south-facing aspects of the mound. Data on mound elongation (Fig. 6 ) may be useful for remote sensing efforts in two ways. First, understanding mound elongation in the plane of the ground will beneÞt efforts to construct automated object recognition (AOR) algorithms for automatically detecting and quantifying mounds in aerial imagery. Second, an understanding of temporal and climatic effects on elongation will guide efforts to collect imagery when mounds are most distinguishable from surrounding landscape elements. These efforts are currently underway.
In summary, imported Þre ant mounds undergo predictable changes in shape over time that are related to season and location (sun angle, insolation) and local environmental conditions (rainfall and temperature). Under overall average rainfall conditions and favorable temperatures, mounds are tallest, steepest, and most eccentric during periods of low sun angle. By modifying their nest shape, Þre ants take advantage of increased insolation, which raises nest temperature. ModiÞcation of nest shape is constrained by the construction material (soil characteristics) and environmental variables (most importantly, rainfall). Nest construction in response to changing sun angle strengthens the temperature gradient within the nest, allowing the colony to actively choose areas of optimum temperature. This study comprises a series of snapshots of mound characteristics at single points in time. Because imported Þre ant colonies are capable of moving and constructing new mounds on a scale of hours, and may respond very quickly to short-term climatic conditions, additional work is underway to construct more detailed models of rainfall and temperature effects on mound shape on a Þner temporal scale.
